Homolog pairing refers to the alignment and physical apposition of homologous chromosomal segments. Although commonly observed during meiosis, homolog pairing also occurs in nonmeiotic cells of several organisms, including humans and Drosophila. The mechanism underlying nonmeiotic pairing, however, remains largely unknown. Here, we explore the use of established Drosophila cell lines for the analysis of pairing in somatic cells. Using fluorescent in situ hybridization (FISH), we assayed pairing at nine regions scattered throughout the genome of Kc 167 cells, observing high levels of homolog pairing at all six euchromatic regions assayed and variably lower levels in regions in or near centromeric heterochromatin. We have also observed extensive pairing in six additional cell lines representing different tissues of origin, different ploidies, and two different species, demonstrating homolog pairing in cell culture to be impervious to cell type or culture history. Furthermore, by sorting Kc 167 cells into G 1 , S, and G 2 subpopulations, we show that even progression through these stages of the cell cycle does not significantly change pairing levels. Finally, our data indicate that disrupting Drosophila topoisomerase II (Top2) gene function with RNAi and chemical inhibitors perturbs homolog pairing, suggesting Top2 to be a gene important for pairing.
O NE way in which the genome can be organized is through the physical pairing of homologous chromosomes. Such pairing occurs during meiosis, when it aligns chromosomes in preparation for recombination and segregation, as well as in nonmeiotic nuclei. Although most extensively studied in the Dipteran insect Drosophila melanogaster, nonmeiotic association of homologous chromosomal regions has also been observed elsewhere, where it participates in gene expression and other vital processes (reviewed by Wu and Morris 1999; Duncan 2002; Grant-Downton and Dickinson 2004; Mckee 2004; Zickler 2006) . Importantly, nonmeiotic pairing can influence gene regulation and DNA repair through the processes of transvection (reviewed by Pirrotta 1999; Wu and Morris 1999; Duncan 2002; Kassis 2002; Kennison and Southworth 2002) and recombination (reviewed by Gloor 2002; Wyman et al. 2004 ; also see Rong and Golic 2003) , respectively. Pairing of homologous chromosomal regions has also been implicated in mammalian X-inactivation (Marahrens 1999; Bacher et al. 2006; Diaz-Perez et al. 2006; Xu et al. 2006) and imprinting (Lasalle and Lalande 1996; Riesselmann and Haaf 1999 ). Intriguingly, a reduced level of pairing at imprinted regions may be associated with syndromes such as autism and the Prader-Willi and Angelman syndromes (Lasalle and Lalande 1996; Thatcher et al. 2005) . Despite its role in multiple phenomena, however, the mechanism(s) of nonmeiotic homolog pairing remains largely unknown.
To better understand nonmeiotic pairing, we have focused on Drosophila, where homologous chromosomes are essentially paired in all somatic cells throughout development (Stevens 1907 (Stevens , 1908 Metz 1916 ; reviewed by Duncan 2002; Mckee 2004) . FISH analyses of embryos and tissues such as from the larval brain or imaginal discs indicate that, typically, a given chromosome region is paired in 60-100% of nuclei, but that this level of pairing can vary depending on the time of development, region being assayed, and phase of the cell cycle (Kopczynski and Muskavitch 1992; Csink and Henikoff 1998; Fung et al. 1998; Gemkow et al. 1998; Sass and Henikoff 1999; Vazquez et al. 2002; Ronshaugen and Levine 2004; Fritsch et al. 2006) . For example, analysis of multiple chromosomal locations during early embryogenesis indicates that some regions initiate pairing earlier than do others, but that all regions eventually achieve high levels of pairing (Fung et al. 1998) . Other studies have examined the impact of the cell cycle on pairing. In one case, BrdU labeling of the larval central nervous system (CNS) revealed that the percentage of nuclei in which a euchromatic region, 59E, and a pericentromeric repeat, AACAC, were paired decreased during S phase from .75% to $60% and from $85% to ,70%, respectively, and remained relatively low until after mitosis (Csink and Henikoff 1998) . In contrast, pairing at the internally repeated histone locus during the 13th embryonic mitotic cycle was found to be unperturbed by progression 1 through S phase and well into metaphase, decreasing only during anaphase, when the percentage of nuclei in which the locus was paired dropped from 63% to 19% (Fung et al. 1998) .
To date, efforts to identify genes that participate in somatic pairing have stemmed largely from observations of in vivo phenotypes that had been previously hypothesized to be sensitive to homolog pairing. For example, zeste, which encodes a transcription factor, was identified as a gene that modifies transvectionassociated phenotypes of several loci (reviewed by Pirrotta 1999; Wu and Morris 1999; Duncan 2002; Kennison and Southworth 2002) . Interestingly, zeste protein shows a propensity to self-aggregate, suggesting that it may promote pairing by binding to chromosomes and pulling or holding them together (Chen and Pirrotta 1993) . However, it has yet to be determined how directly zeste affects pairing.
A more immediate connection has been made with Polycomb group (PcG) genes, which can mediate the pairing of PcG response elements (PREs) to effect long-range interactions and pairing-sensitive silencing (reviewed by Pirrotta 1999; Kassis 2002; Kavi et al. 2006 ; also see Vazquez et al. 2006) . For example, pairing of the PREcontaining element Fab-7 requires several PcG proteins, such as Polycomb, Polyhomeotic, Posterior sex combs, and Polycomb-like (Bantignies et al. 2003) . A more recent study has shown that the pairing-sensitive silencing associated with Fab-7 may also require members of the RNAi machinery, such as Dicer-2, PIWI, and Argonaute1 (Grimaud et al. 2006) .
Another genetic element implicated in long-range interactions between homologous chromosomal regions is an insulator carried by the gypsy retrotransposon (reviewed by Kuhn and Geyer 2003; Capelson and Corces 2004; Brasset and Vaury 2005; Gaszner and Felsenfeld 2006; Valenzuela and Kamakaka 2006 ; also see Kravchenko et al. 2005) . Of note, two factors that work in conjunction with the gypsy insulator, Suppressor of Hairy Wing ½Su(Hw) and Modifier of mdg4 ½Mod(mdg4) (Kravchenko et al. 2005) , colocalize at hundreds of chromosomal sites that do not correspond to gypsy elements and, along with another protein, Centrosomal Protein 190 (CP190), mediate the clustering of these sites into ''insulator bodies'' (reviewed by Kuhn and Geyer 2003; Capelson and Corces 2004; Brasset and Vaury 2005; Gaszner and Felsenfeld 2006; Valenzuela and Kamakaka 2006) . Consistent with this finding, loss of Su(Hw) function has been observed to compromise homolog pairing (Fritsch et al. 2006) . Intriguingly, a protein that is associated with insulator function in mammals, the CCCTC binding factor (CTCF), has also been implicated in long-range interactions (Ling et al. 2006; Donohoe et al. 2007) .
Despite these advances, we are still far from a full understanding of how homologs sense, find, and align with each other. To further our knowledge of somatic pairing in Drosophila, we have extended our studies to cell culture in anticipation that such an experimental platform will facilitate analyses requiring the manipulation of homogenous populations of cells. A cell line-based approach could also allow researchers to identify genes involved in pairing solely on the basis of their capacity to support pairing, as assayed directly by visual examination. Importantly, because cell culture is unencumbered by developmental programs, it would permit the identification of genes that may also be essential for organismal viability.
Our study was encouraged by two reports. One, by Cherbas and Cherbas (1997) , documented the capacity of a Drosophila immortal cell line to support parahomologous recombination, a form of transformation attributed to somatic homolog pairing in which exogenous sequences integrate in the vicinity of homologous chromosomal regions. The second report, by Halfer and Barigozzi (1973) , described two newly established Drosophila cell lines in which condensed mitotic chromosomes appeared entangled or aligned with their homologs in orcein-or quinacrine-stained spreads. These images were obtained with diploid as well as polyploid cell lines and recall earlier studies of Dipteran insects demonstrating the capacity of somatic pairing to accommodate polyploidy in vivo (Metz 1916 (Metz , 1922 (Metz , 1925 Holt 1917) . Interestingly, aligned condensed chromosomes have also been observed in cell lines of Aedes (mosquito), another Dipteran insect (Nichols et al. 1971) . In our analysis, we used fluorescent in situ hybridization (FISH) to document somatic pairing of decondensed nonmitotic chromosomes in cell lines established decades ago and then characterized the consistency and breadth of that pairing. In addition, we obtained evidence indicating that topoisomerase II is a gene important for homolog pairing.
MATERIALS AND METHODS
Cell culture: Kc 167 (Echalier and Ohanessian 1969; Perrimon 2007) , S2 (Schneider 1972; Perrimon 2007) , D (Debec 1978 (Debec , 1984 Cherbas 2007) , DH-33 (Sondermeijer et al. 1980; Cherbas 2007) , mbn2 (Haars et al. 1980; Cherbas 2007) , clone 8 (Peel et al. 1990; Perrimon 2007) , and MLDmBG2-c6 (Ui et al. 1994; Cherbas 2007) cells were grown at 25°following standard protocols. Kc 167 and S2 cultures were grown in sterile filtered Schneider's medium ½GIBCO (Grand Island, NY) no. 11720-034 supplemented with heat-inactivated fetal bovine serum (FBS, to a final concentration of 10% v/v; JRH 12103-78P) and penicillin-streptomycin (50 units/ml penicillin, 50 mg/ml streptomycin; GIBCO no. 15070-63). D, mbn2, DH-33, and ML-DmBG2-c6 cultures were grown in sterile filtered Shields and Sang M3 insect medium (S8523; Sigma, St. Louis) supplemented with FBS (10% v/v), BPYE ½2.5 g/liter bactopeptone (211677; Difco, Detroit) and 1.0 g/liter yeast extract (Y-1000; Sigma), and penicillin-streptomycin (50 units/ml penicillin, 50 mg/ml streptomycin), with MLDmBG2-c6 cultures being further supplemented with insulin (10 mg/ml; I6634, Sigma). Clone 8 cultures were grown in sterile filtered Shields and Sang M3 insect medium supplemented with FBS (2% v/v), insulin (0.0125 IU/ml), fly extract (2.5% v/v; Perrimon 2007), and penicillin-streptomycin (50 units/ml penicillin, 50 mg/ml streptomycin). To ensure that experiments were done with log-phase cells, active cultures were split at a 1:$3 ratio, cultured for 1-2 days, and then passaged at 2-4 3 10 6 cells/ml prior to the analyses. The Kc 167 and S2 cell lines were obtained from Norbert Perrimon; the D, DH-33, mbn2, and ML-DmBG2-c6 cell lines were obtained from the Drosophila Genome Resource Center; and the clone 8 cell line was obtained from Mitzi Kuroda.
FISH: Our FISH protocol was adapted from previously published protocols (Marshall et al. 1996; Dernburg and Sedat 1998; Dernburg 2000; Bantignies et al. 2003 Bantignies et al. , 2005 and involved the following steps: Cells from log-phase cultures were adhered to either gelatin-coated (0.2%; G1393, Sigma) or lysine-treated (P8920; Sigma) 10-well glass slides (ER208W; Erie Scientific) for 1-3 hr. Slides were then gently washed with PBS (pH 7.2), fixed for 5 min with 4% formaldehyde in PBS (15700; Electron Sciences) at room temperature (RT), covered with a coverslip, frozen on an aluminum block (which had been precooled on dry ice), freed of their coverslips, and stored in 95% ethanol at À20°. After at least 20 min, slides were washed in 23 SSCT (0.3 m NaCl, 0.03 m sodium citrate, 0.1% Tween-20)/formamide (5 min each in 0, 20, 40, and 50% formamide at RT and 30 min in 50% formamide/23 SSCT at 37°). DNA probe in hybridization buffer was then added to the slides, covered with a coverslip, and denatured in an MJ Research (Watertown, MA) PTC-200 thermocycler with an Alpha Unit lock assembly block for 2 min at 91°, after which slides were transferred to a humidifying chamber, incubated overnight at 37°-40°, and freed of their coverslips while being washed (30 min in 50% formamide/23 SSCT at 37°, 5 min in 25% 23 SSCT/formamide at RT, and three times in 5 min in 23 SSCT at RT).
To visualize probes, slides were blocked in blocking buffer (0.1% BSA in 23 SSCT) at RT for 30 min, incubated with either rhodamine-conjugated anti-DIG antibody (1207750; Roche, Indianapolis) or fluorescein anti-biotin (SP-3040; Vector, Burlingame, CA) in blocking buffer for 1.5 hr, and washed for 1 hr in 23 SSCT, after which Vectashield with DAPI (H-1200; Vector) was added. Coverslips were applied and sealed to the slides with nail polish.
DNA probes were synthesized according to standard protocols. P1 plasmids (Berkeley Drosophila Genome Project) containing cloned Drosophila genomic DNA corresponding to chromosomal regions 21E3-4 (abbreviated as 21E3; DS03071; Fung et al. 1998) , 28B1-28B2 (abbreviated as 28B1; DS01529; Fung et al. 1998) , 40A2-40A3 (abbreviated as 40A2; DS09165; Fung et al. 1998) , and 69C2-69C8 (abbreviated as 69C2; DS02752; Dej and Spradling 1999) were digested with restriction enzymes (Dernburg 2000) and then labeled with either Digoxigenin (DIG-Nick translation mix, 1 745 816; Roche Diagnostics) or, for dual label experiments, Biotin (BioNick Labeling System, LT18247-015; Invitrogen) following the manufacturers' protocols. Probe for 16E1-16E2 (abbreviated as 16E1) was synthesized from the bacterial artificial chromosome BACR17D02 RP98-17D2 (AC012163; AE003507) by Nick translation/direct labeling (32-801300; Vysis) following the manufacturer's protocol. The 359-bp repeat probe was synthesized by PCR (Dernburg 2000) . Probes for 8C8 and 44F1 were synthesized from PCR products according to F. Bantignies (personal communication): 8-10 1-to 1.4-kbp PCR products corresponding to genomic regions separated by $1 kbp and spanning $30 kbp were combined, purified, and labeled by Nick translation (FISH-Tag DNA kit; Invitrogen). Probes were diluted into hybridization buffer (50% formamide/23 SSCT, 10% dextransulfate) to a final concentration of $150-500 ng/ 30 ml.
Oligo probes for the AACAC and dodeca heterochromatic repeats Dernburg 2000) were synthesized with either a 59 cy3 or cy5 fluorescent dye (Phoenix BioTechnologies) and contained locked nucleic acid (LNA) (Silahtaroglu et al. 2003 (Silahtaroglu et al. , 2004 bases to increase melting temperature (AaCaCaAcAcAaCaCaAcAc and AcGgGa CcAgTaCgG, for ''AACAC'' and ''dodeca'' probes, respectively, where uppercase letters denote LNA-modified nucleotides). An abbreviated FISH protocol was developed for LNA containing oligos: After fixation, cells were incubated for 30 min in 23 SSCT at 37°, after which probe (1-100 nm in hybridization buffer) was added and slides were denatured at 91°for 2 min, washed immediately in 23 SSCT for 30 min at 37°, and then mounted with Vectashield.
Microscopy: Through the generosity of Monica Colaiácovo, we were able to obtain images using a DeltaVision system with an Olympus IX-70 microscope and record data with a cooled CCD camera (model CH350; Roper Scientific). A U-APO 403 lens (NA 0.65-1.35) was used for all images except for those in Figure 1 , where a PlanApo 603 lens (NA 1.4) was also used. Optical sections were collected at 0.50-mm increments and deconvolved using a conservative algorithm with 15 iterations. Data were analyzed with SoftWoRx Explorer software (Versions 1.0.1 and 1.1; Applied Precision). Three-dimensional images of nuclei were flattened for the figures.
Mitotic spreads: Chromosomes were spread using standard protocols (Veile 1990; Echalier 1997) , with or without incubating cells with colchicine (C3915; Sigma) for 2-24 hr.
Determining mitotic index: Anti-a-tubulin (T5168; Sigma) and secondary antibodies (SC-2010; Santa Cruz Biotechnology) were used following the manufacturers' instructions for labeling tissue culture cells. Mitotic cells were then identified by morphology. We confirmed the mitotic indexes corresponding to Figure 6 , F and G (inset, Figure 6F ) through assays using anti-phosphorylated-histone H3 (anti-PH3; 06-570; Upstate Biotechnology, Lake Placid, NY): control, 3.5% (N ¼ 2152); camptothecin, 0.3% (N ¼ 1000); m-amsacrine, 0.3% (N ¼ 1280) ; 3.5% (N ¼ 976) .
Cell sorting: Live cells incubated with Hoechst 33342 (H3570; Molecular Probes, Eugene, OR) were sorted on a Vantage SE high-speed sorter (FACS Sorting Core Facilities; Children's Hospital, Boston), adhered to slides for 30-60 min, and then subjected to FISH. We confirmed that cells had been successfully sorted into G 1 , S, and G 2 subpopulations by assessing nuclear DNA content as determined by DAPI staining (data not shown).
RNAi: Synthesis of dsRNA and application of RNAi to cells was carried out according to published protocols (Clemens et al. 2000; Perrimon 2007 ). Control cells were treated with a blank of deionized water. Cells were fixed 3-4 days after treatment. Three distinct nonoverlapping dsRNAs were tested independently in studies of Top1 as well as of Top2; outcomes did not vary among dsRNAs targeting the same gene.
Application of topoisomerase inhibitors: Our studies using camptothecin (C9911; Sigma; Solier et al. 2004) , m-amsacrine (A9809; Sigma; Solier et al. 2004), and ICRF-193 (GR-332; Biomol; Hossain et al. 2004) were guided by a sampling of studies carried out in mammals and Drosophila. Camptothecin and ICRF-193 were dissolved in DMSO (10 mm each), and m-amsacrine was dissolved in 30% ethanol (10 mm) before being added to log-phase cells to a final concentration of 10, 4, and 5 mm, respectively. Under the culture conditions used for this study, the doubling times for Kc 167 and clone 8 cells were estimated to be $18 and $15 hr, respectively. Accordingly, Kc 167 and clone 8 cells were incubated for 30 and 24 hr, respectively, except in the case of the clone 8 cells described in Figure 6 , F and G, where, in one of the two trials, cells were incubated for an extended time of 30 hr. Control cells were treated with DMSO only.
Data analysis, percentile plots: All analyses were carried out two or more times, except for that of G 1 cells (Figure 5 ), which was conducted only once. To simplify the distance analyses for percentile plots, we assumed that cell lines with complex ploidies had the ploidy that was the most observed; for example, we assumed tetraploidy for Kc 167 cells, 94% of which had four copies of the X chromosome, four copies of chromosome II, and three to five copies of chromosome III. In support of this strategy, the conclusions of our analyses were not altered when the data were reanalyzed assuming other possible combinations of the observed ploidies. For nuclei with more than one signal, we identified signals likely to represent more than one copy of the targeted region by considering the expected ploidy for the nucleus, the number of signals obtained, and relative signal intensities. Often signal intensities did not permit us to assign copy number and, in these cases, we assigned copy number at random. We rarely observed Kc 167 nuclei (,1 of 2 3 10 3 ) with more than four signals; instances when this did occur may have been due to background or represent G 2 nuclei with separated sister chromatids.
Nuclei that could not be scored due to lack of FISH signal, a weak signal-to-noise ratio, or high background were not included in the N values. With respect to assays that did not involve RNAi or chemical agents, the percentage of such nuclei varied from experiment to experiment. For example, Kc 167 and clone 8 cells yielded, respectively, 15 6 8% (four trials) and 35 6 15% (three trials) of nuclei that were not labeled in assays targeting 8C8, 15 6 7% (two trials) and 9 6 1% (two trials) in assays targeting 16E1, 7 6 5% (seven trials) and 7 6 10% (eight trials) in assays targeting 28B1, and 15 6 11% (two trials) and 25 6 2% (two trials) in assays targeting 44F1. Note that there was no obvious correlation between the degree of pairing and percentage of nuclei lacking signal in these cells (our unpublished observation).
The total percentage of nuclei without signal in Kc 167 cells treated with ICRF-193 was increased by an additional 2-27% (for example, a 27% increase would be one from 10 to 37%; three trials) in assays targeting 8C8, 12-14% (two trials) in assays targeting 16E1, 12-34% (five trials) in assays targeting 28B1, and 10-15% (two trials) in assays targeting 44F1. With regard to clone 8 cells treated with ICRF-193, we observed increases of 4-9% (three trials) in assays targeting 8C8, 12-16% (two trials) in assays targeting 16E1, 7-24% (six trials) in assays targeting 28B1, and 0-3% (two trials) in assays targeting 44F1. These observations also confirm the capacity of Drosophila cells to progress through mitosis in the presence of ICRF-193, consistent with other studies in which Top2 activity has been disrupted (Chang et al. 2003; Coelho et al. 2003) . Note that nuclei that are abnormally monosomic for a region targeted by FISH would artificially inflate the percentage of nuclei with single signals representing paired regions, suggesting that our assessment of the impact of ICRF-193 on pairing may be an underestimate.
To simulate a random distribution of FISH signals in the nucleus, we implemented a simple algorithm in Perl in which the nuclear shape of a typical Kc 167 nucleus was approximated as an ellipsoid defined by three radii (2.0, 2.0, and 2.5 mm; our unpublished observations), and the x, y, and z coordinates of any point within or on the surface of that ellipsoid were described by the following equation:
In our studies, we generated a random set of points (using the pseudorandom rand Perl function) with x, y, and z coordinates that fell in the ranges of ½À2.0, 2.0 mm, ½À2.0, 2.0 mm, and ½À2.5, 2.5 mm, respectively. To model a tetraploid nucleus with randomly placed FISH signals, we generated four points per ellipsoid and calculated the distances between them.
Matlab 7.0.1SP1 and Microsoft Excel 11.2 were used to analyze and plot the data. A two-tailed chi-square test was used to compare matched populations of nuclei with respect to the frequency of nuclei with a single signal. When experiments with more than one trial were compared, trials were combined. A two-tailed two-sample Kolmogorov-Smirnov test was used to compare the distances between populations displayed in percentile plots.
RESULTS

Drosophila immortal cell lines support pairing:
We first asked whether Drosophila immortal cell lines support homolog pairing by examining the commonly used D. melanogaster Kc 167 cell line, our subline of which is primarily tetraploid; among .50 nuclei (more than four trials), 94% had four copies of the X chromosome, four copies of chromosome II, and three to five copies of chromosome III (Table 1 ; Figure 1 , A and B). To determine whether Kc 167 cells pair homologous chromosomes, we fixed log-phase cells with formaldehyde and then labeled them with fluorescent probes and used wide-field deconvolution microscopy to determine the positions of the signals in three-dimensional space. Regions targeted by the probes were considered paired when the center-to-center distance between FISH signals was #0.50 mm, the approximate distance at which adjacent FISH signals no longer overlap.
The first probe we used targeted region 28B1, located in a euchromatic portion of chromosome II ( Figure  2A ). Strikingly, 78.4 6 8.4% of labeled nuclei produced a single FISH signal (N ¼ 1507, nine trials; Figure 2 , B and C). This high percentage of single-signal nuclei suggests that the majority of Kc 167 nuclei pair all four copies of the 28B1 region. To quantitate the range of distances between any two copies of 28B1, we assumed all nuclei to be tetraploid, calculated the distances between each pairwise combination of 28B1, as represented by FISH signals ( Figure 2D, inset) , and then arranged the distance data in a percentile plot ( Figure 2D ). Although distances between copies of 28B1 ranged from 0 mm to the full diameter of a nucleus (typically $4-5 mm), 88% of all possible pairwise combinations were paired. Consistent with our observations of 28B1, significant pairing was also found for five other euchromatic regions (Figure 2 , A, E, and F). We found that 72, 76, 82, 86, and 75% of nuclei gave a single signal when FISH was targeted, respectively, to 8C8 and 16E1 in the middle of the X, 21E3 and 44F1 at the end of the left arm and in the middle of the right arm of chromosome II, and 69C2 in the middle of the left arm of chromosome III. This consistent and high level of pairing across all six regions assayed is remarkable; regardless of probe used, between 72 and 86% of nuclei contained only a single signal even though there is variability in the efficacy of FISH, as determined by signal strength, background staining, and the percentage of nuclei lacking signal (materials and methods).
Using the percentile plot, we then assessed the statistical significance of the pairing we observed. First, we determined the frequency at which two or more of the four copies of 28B1 would be expected to colocalize solely by chance by computationally simulating threedimensional nuclei containing four randomly placed FISH signals. Virtually no computer-simulated nuclei colocalized all four signals. In fact, 90% of these nuclei showed four completely separated signals. In addition, percentile plots revealed that only 2% of all pairwise combinations of signals were colocalized (black line, Figure 3A ). In our second approach, we applied duallabeled FISH to experimentally establish the frequency of colocalization for two regions that do not share homology. Here, we measured the distances between two sets of two loci each: 21E3 and 28B1, both on chromosome II, and 28B1 and 69C2, on chromosomes II and III, respectively ( Figure 3B ). Colocalization was observed for only 5 and 0.8% of all pairwise combinations of the 21E3 and 28B1 regions and the 28B1 and 69C2 regions, respectively ( Figure 3B ). These data demonstrate that euchromatic regions rarely overlap by chance, strongly reinforcing our observation that somatic homolog pairing can occur genomewide and be maintained in transformed cell lines. Importantly, the amount of pairing we obtained approximates that observed in vivo (Csink and Henikoff 1998; Fung et al. 1998; Gemkow et al. 1998; Sass and Henikoff 1999) . As Kc 167 cells represent a departure from diploidy, these data further indicate that somatic pairing can tolerate levels of aneuploidy that are typically found in established cell lines. In contrast to our findings at euchromatic regions, we found significantly less pairing at regions located in or near the centromeric heterochromatin of all three major chromosomes (P # 0.05; Figure 2 , G and H). Using probes targeting a 359-bp repeated element of the centromeric heterochromatin of X, region 40A2 located just outside the centromeric heterochromatin of chromosome II, and the dodeca-repeated element located in the centromeric heterochromatin of chromosome III (Figure 2A ), we observed only 24, 51, and 13%, respectively, of nuclei giving a single signal ( Figure  2G ) and correspondingly modest pairing levels of 45, 67, and 49% ( Figure 2H) . While it is possible that this lower level of pairing resulted not from the unpaired state of homologs but rather from the potential of repeated elements to form multiple distinct clusters, the apparent reduction in pairing we observed when visualizing unique sequences in the pericentromeric region of 40A2 argues against this as the sole interpretation. Interestingly, Halfer and Barigozzi (1973) also observed that the heterochromatic regions of condensed mitotic chromosomes were less paired than their euchromatic counterparts. Note that as mitotic cells represented only $2.1% (see below) of our cultures, our findings cannot be explained solely by the behavior of mitotic chromosomes.
Homolog pairing occurs in a variety of cell lines: The widespread and persistent nature of homolog pairing in Kc 167 cells encouraged us to ask whether the mechanism underlying pairing has also been maintained in other cell lines and, if so, whether the degree of pairing would vary with cell type or culture history. Accordingly, we assayed pairing at 28B1 in six additional established cell lines (Table 1 ). These lines differ in terms of their species of origin (D. melanogaster and D. hydei), morphology, tissue of origin (embryonic, epithelial, hemocyte, imaginal disc, and CNS), year of establishment , and karyotype/ploidy (diploid, polyploid/aneuploid). They include the popular S2 cell line (Schneider 1972) , which was derived from late-stage embryos and, like its derivative sublines such as S2R1 (Yanagawaet al. 1998) , is used in a wide variety of studies. The S2 cells we used proved to be generally tetraploid. In contrast, the male (X/Y) clone 8 cell line, which originated from imaginal wing discs, is diploid (Table 1) (Peel et al. 1990; Peel and Milner 1991) . The D cell line is also noteworthy, as it was established from haploid embryos (Debec 1978 (Debec , 1984 , even though it is currently a mixed population of diploid and tetraploid cells (Table 1) ; as such, there is no history of in vivo homolog pairing for chromosomes of the D cell line. Following standard protocols (materials and methods), aliquots of each of the cell lines were cultured to generate log-phase cells. Using probes targeting 28B1, we found a nearly uniform high level of pairing that was reminiscent of that observed in Kc 167 cells (Figure 4) .
Homolog pairing remains equally strong in G 1 , S, and G 2 : Taking advantage of the amenability of cell culture to cell sorting, we addressed the impact of cell cycle on pairing. Log-phase Kc 167 cells incubated in Hoechst dye were sorted into G 1 , S, and G 2 subpopulations on the basis of fluorescence intensity. Sorted cells were then allowed to adhere to glass slides for $30 min in medium prior to being fixed in formaldehyde and then subjected to FISH analysis. Our data indicate that the level of pairing, as assayed at 28B1, is uniform across all three subpopulations ( Figure 5 ) and does not differ significantly from that of unsorted cells (Ps $ 0.95); the slightly lower level of pairing observed for unsorted cells may reflect its inclusion of mitotic cells.
Although we cannot rule out that the observed pairing derives from a potential technical bias that enriches for cells in which homologs are paired, it is noteworthy that our observation is in line with the report by Fung et al. (1998) that pairing can be maintained through S phase and into metaphase. A constant level of pairing in the G 1 , S, and G 2 portions of the cell cycle differs, however, from the disruption of pairing described by Csink and Henikoff (1998) in S-phase larval CNS cells. These diverse patterns of pairing may reflect different sensitivities of pairing to cell type, ploidy, and/or length of the cell cycle (Golic and Golic 1996; Gubb et al. 1997) .
To examine mitotic chromosomes, we treated cells with a hypotonic solution and then fixed them in a mix of acetic acid and methanol (Echalier 1997) . In this way, we were occasionally able to observe an intertwining of chromosomes in Kc 167 cells (Figure 1 , C and D) as well as unambiguous alignments of homologs as fully condensed mitotic chromosomes, in the form of paired dyads, in clone 8 cells (Figure 1, E and F) . These findings are reminiscent of the homolog entanglements and alignments characterized in vivo by Stevens (1907 Stevens ( , 1908 , Metz (1916 Metz ( , 1922 Metz ( , 1925 , and Holt (1917) and in Drosophila cell lines by Halfer and Barigozzi (1973) , as well as in Aedes cell lines by Nichols et al. (1971) . They demonstrate that homologous chromosomes have a capacity to remain paired in at least some stages of mitosis and are consistent with FISH analyses showing that pairing is not perturbed at the histone locus during the 13th embryonic mitosis until after metaphase (Fung et al. 1998) . That M-phase pairing is tenacious is furthered by its ability to withstand hypotonic treatment.
Disruption of Top2 perturbs homolog pairing: Taken together, our data establish that pairing in cell culture approximates pairing in vivo in terms of level and tenacity. This finding suggests that Drosophila cell culture can serve as a powerful experimental system for identifying genes responsible for somatic homolog pairing. In particular, FISH-based screens in cell culture would enable direct visual assessments of pairing in different RNAi-driven mutant backgrounds. In fact, focusing our analysis on euchromatic regions, where homolog pairing is maximal, we have found that dsRNA targeting Drosophila Top2 expression can reduce the level of pairing in Kc 167 cells.
Top2 encodes the single Drosophila type II DNA topoisomerase, which represents a class of enzymes that generate double-strand breaks (DSBs), can catenate and decatenate DNA, and are well known for their role in chromosome structure and condensation and sister chromatid segregation (reviewed by Porter and Farr 2004 ; also see Chang et al. 2003; Coelho et al. 2003; Savvidou et al. 2005; Smiley et al. 2007) . We have found that treatment of log-phase Kc 167 cells with any one of three dsRNAs directed against Top2 function followed by FISH targeting 28B1 reduced the percentage of nuclei with a single signal from 87 6 1% to 55 6 5% (P , 0.0001; Figure 6 , A and B) and lowered pairing levels from 91 to 71% (P , 0.0001; Figure 6C ).
To extend these findings, we determined the impact of two chemical agents that block topoisomerase II: ICRF-193, which stabilizes a noncovalent complex between the enzyme and DNA without generating DSBs, and m-amsacrine, which leads to the accumulation of DSBs (reviewed by Andoh and Ishida 1998; Larsen et al. 2003) . Treatment with ICRF-193 (10 mm) reduced the percentage of nuclei with a single signal from 84 6 4% to 54 6 4% (P , 0.0001; Figures 6D and 7 ; also see Table 2 , which includes data not shown in Figure 6D ). This finding is unlikely to reflect an increase in the percentage of cells in M phase as the mitotic index of ICRF-193-treated cells is, if anything, lower than that of untreated controls (2.1 and 1.0%, respectively; Figure  6D , inset; Chang et al. 2003; Coelho et al. 2003) . In contrast to treatment with ICRF-193, treatment with m-amsacrine (5 mm) had much less of an effect ( Figures  6D and 7) . This result is consistent with the fact that ICRF-193 and m-amsacrine have different mechanisms of action (reviewed by Andoh and Ishida 1998; Larsen et al. 2003) , although we cannot rule out a technical basis for the ineffectiveness of m-amsacrine. Treatment with dsRNA ( Figure 6 , A-C) or an enzymatic inhibitor, camptothecin (4 mm), directed against a different topoisomerase, topoisomerase I (Top1; reviewed by Pommier 2006), had similarly minimal effects in our assays ( Figures  6D and 7) . Finally, we demonstrated that the impact of ICRF-193 was not specific for 28B1 by targeting FISH to 8C8, 16E1, and 44F1. We observed a decrease in the percentage of single-signal nuclei from 73 6 2% to 55 6 2%, 65 6 7% to 32 6 4%, and 79 6 10% to 59 6 9%, respectively, suggesting that the effect of ICRF-193 on pairing may be general, although variable, across euchromatic regions (Table 2 , Ps , 0.0001; Figure 6E ).
These observations must be considered in light of the cell cycle and the two forms of homologous pairing that come into play: pairing between homologs (including the pairing of subchromosomal regions or fragments thereof) and pairing, or cohesion, between sister chromatids ( Figure 8A) . A priori, reduced pairing in G 1 prior to the synthesis of sister chromatids would necessarily imply the unpaired state of homologs. In contrast, reduced pairing in G 2 could result from the unpaired state of either homologs or sister chromatids or some combination thereof (see Figure 8 legend for further discussion). The data presented thus far do not distinguish between these possibilities.
Equally important for consideration is that mitosis in the presence of Top2 inhibitors can cause sister chromatids to cosegregate to the same daughter nucleus (not shown in Figure 8 ; reviewed by Porter and Farr 2004) and produce cells that are monosomic, nullisomic, or segmentally aneuploid. Indeed, treatment with ICRF-193 generated a significant level of aneuploidy; we observed that the total percentage of nuclei lacking FISH signal can be increased by an additional 34% (for example, from 3 to 37%), indicating that the mitotic divisions producing these nuclei had cosegregated all copies of the targeted chromosomal region to only one daughter nucleus (see materials and methods for additional information). To decipher what form of unpairing underlies the effect of ICRF-193, we turned to male (X/Y) clone 8 cells where, a priori, lack of a homolog for the single X (N ¼ 20 cells; Table 1 ) should allow the unpaired state of homologs to be more easily distinguished from sister chromatid separation ( Figure 8B ). Specifically, conditions that disrupt only homolog pairing should decrease the number of single-signal nuclei when FISH is targeted to autosomal regions but not when FISH is targeted to X-linked regions. In contrast, conditions that separate sister chromatids in G 2 and/or in aneuploid G 1 cells should decrease the number of single-signal nuclei regardless of whether FISH targets autosomal or X-linked regions.
We found that application of ICRF-193 to clone 8 cells reduced the percentage of single-signal nuclei by only 6.9% (of total nuclei scored) when FISH was targeted to 16E1 on the X even as it reduced the percentage by 37.8% when FISH was targeted to autosomal 28B1 (P ¼ 0.02 and P , 0.0001, respectively; data included in Figure 6 , F and G, and Table 2; Figure 9 ). Aiming to augment the impact of ICRF-193 at 16E1, we repeated our analysis while increasing the exposure time of the cells to . Again, we observed a much smaller effect when FISH was targeted to 16E1 as compared to 28B1, with the reduction of single-signal nuclei being 4.5 and 39.7%, respectively (P ¼ 0.08 and P , 0.0001, respectively; data included in Figure 6 , F and G, and Table 2 ). Similar results were obtained when we targeted FISH to another X-linked region, 8C8, and another autosomal locus, 44F1; here we observed that singlesignal nuclei were reduced by 7 6 3% and 15 6 7%, respectively (Ps , 0.0001; Table 2 ). In short, although we observed small reductions in the percentage of single-signal nuclei when FISH was targeted to regions on the X, we observed greater reductions when FISH was targeted to autosomal regions. Importantly, this lesser effect at 16E1 and 8C8 is not due to an insensitivity of these regions to , as pairing at 16E1 and 8C8 in Kc 167 cells is as susceptible to ICRF-193 as is pairing at autosomal regions ( Figure 6 , D and E; Table 2 ). These findings indicate that while sister chromatid separation may be occurring, it is unlikely to fully explain the effect of ICRF-193, arguing that loss of Top2 activity can disrupt homolog pairing.
As mentioned just above, our data suggest that loss of Top2 function may also disturb sister chromatid cohesion to a limited extent. Consistent with this, we have found that treatment with ICRF-193 augments the number of nuclei whose single signals actually consist of two fluorescent spots that are, however, too closely spaced (#0.50 mm) to be considered separate (materials and methods). The total percentage of nuclei with such closely spaced spots was increased by an additional 1-11% Note that the number of homologs or sister chromatids that are unpaired can differ from that shown. Variation of signal intensity did not allow accurate experimental determination of copy number per signal (data not shown). Also note that homolog pairing could occur between the sister chromatid of a chromosome and the homolog of that same chromosome. As such, the forms of sister chromatid separation illustrated may also entail an unpairing of homologs. If so, any separation of sister chromatids will necessarily imply homolog unpairing. This figure does not address situations involving aneuploidy. N/A, sister chromatids do not exist prior to replication.
(three trials; for example, an 11% increase would be one from 1 to 12%) and 6-8% (two trials) in clone 8 cells when FISH was targeted to 8C8 and 16E1, respectively, and 0-11% (two trials) and 2-10% (five trials) when FISH was targeted to 28B1 and 44F1, respectively. This observation suggests that ICRF-193 may antagonize sister chromatid cohesion in G 2 nuclei in addition to disrupting homolog pairing.
DISCUSSION
In this study, we demonstrated that Drosophila immortal cell lines can support homolog pairing. Using FISH, we found remarkably consistent and high levels of pairing in tetraploid Kc 167 cells and observed that such levels equally characterize G 1 , S, and G 2 cells. Strong pairing was also seen in six additional Drosophila cell lines representing two species and different tissue types and ploidies. Of particular note is the pairing that occurs in the D cell line. As this line originated from haploid cells, becoming a mix of diploid and tetraploid cells only after having become established (Table 1) (Cherbas 2007) , the pairing observed in D cells indicates that homolog pairing can initiate ex vivo and does not require homologs to be of different parental origin.
We also observed homolog pairing during M phase. Such homolog alignment is reminiscent of meiotic pairing and may reflect a commonality between the two forms of pairing. It further suggests that homolog interactions may be able to endure cell division, perhaps via the persistence of chromatin marks, physical associations, nuclear territories (Fung et al. 1998; Bantignies et al. 2003) , or perichromosomal layers (Van Hooser et al. 2005) .
Theoretically, enduring associations are compatible with mitosis. For instance, if each sister chromatid of a G 2 dyad is paired with one sister of the homologous dyad to produce two sets of paired homologs, pairing could be maintained through mitosis if paired homologs cosegregate. In fact, assuming sister chromatid separation of one dyad to be random with respect to that of its homologous dyad, paired homologs will as often cosegregate as they will be pulled apart (Fung et al. 1998) . This scenario predicts a loss of pairing during mitosis, but not a complete loss, and is consistent with observations of embryonic mitoses (Fung et al. 1998) . Note, however, that mitosis could also progress without fully unpairing any set of homologs while still accommodating the unpairing observed during mitosis. For example, if homologs were permanently attached but at only a few or just one locus, regions elsewhere on the chromosomes would be free to unpair. Alternatively, if paired homologs were permanently attached via one strand of DNA from each homolog such that replication produced two dyads that are paired via only one sister per dyad, mitoses would generate a mix of paired and unpaired homologs, the latter being expected to become paired in the subsequent G 1 . Mechanisms such as these raise the possibility of immortal chromosome attachments and recall observations of immortal DNA strands in asymmetrically dividing cells (reviewed by Cairns 2006; see also Conboy et al. 2007) . Finally, we note that mitosis may be a means by which pairing and pairing-sensitive phenomena are regulated; if there are instances when pairing must be maintained, mitotic mechanisms could orchestrate paired homologs at the metaphase plate such that they cosegregate while, if ever pairing must be destroyed, the cell could trigger a mitosis in which paired homologs are forced apart.
Our studies also revealed that pairing of regions in or near centric heterochromatin is significantly less than that observed at euchromatic regions. This finding is consistent with observations of condensed mitotic chromosomes by Halfer and Barigozzi (1973) and could be explained if heterochromatic regions pair less, unpair more, or pair more slowly than do euchromatic regions. The prevalence of repeated sequences in heterochromatin may contribute to the unpaired state of homologs by, for example, promoting intrachromosomal pairing and/or homolog misalignment. Our data are also consistent with a loss of sister chromatid cohesion in centromeric regions. This explanation, however, would not be in line with studies showing that cohesin proteins, which hold sister chromatids together, persist at the centromeres longer than they do along chromosome arms (reviewed by Wang and Dai 2005; Watanabe 2005 ). As such, our data may indicate that the lower degree of homolog pairing observed in or near pericentric heterochromatin in Kc 167 cells results from a preoccupation of centromeric regions with sister chromatid, vs. homolog, pairing.
This report also summarizes our identification of Top2 as a gene important for homolog pairing. Here, we found that loss of Top2 function reduced pairing to a greater degree at autosomal vs. X-linked regions in diploid male clone 8 cells. This finding indicates that the reduction in pairing cannot be explained solely by a loss of cohesion between sister chromatids and argues that Top2 plays a role in homolog pairing. How might Top2 influence homolog pairing? It might act indirectly through its role in cell cycle events, such as chromosome condensation, congression of chromosomes at the metaphase plate, and separation of sister chromatids during mitosis (reviewed by Porter and Farr 2004 ; also see Chang et al. 2003; Coelho et al. 2003; Hossain et al. 2004; Savvidou et al. 2005) . For example, cosegregation of sister chromatids due to a lack of Top2 activity may generate a degree of disorganization that is incompatible with homolog pairing. Alternatively, abnormal presence of a sister chromatid may prohibit a chromosome from pairing with its homolog. That sister chromatid and homolog pairing may be mutually exclusive raises the possibility that the two are mutually regulated and may even explain how the genome can orchestrate sister chromatid separation during mitosis even as it promotes homolog pairing in the ensuing interphase. Interestingly, as sister chromatid cohesion has been implicated in gene regulation (Azuara et al. 2003; MlynarczykEvans et al. 2006 ; also see Dorsett 2007) , an interplay between homolog pairing and sister chromatid cohesion could also provide a mechanism by which homolog pairing can modulate gene regulation.
Top2 may also have a direct role in the paired state of homologs. For example, it may bring and/or hold homologs together by altering DNA topology, modifying chromatin or chromosome structure, or catenating DNA molecules (Bachant et al. 2002; Vazquez et al. 2002; Iwabata et al. 2005) . Alternatively, it may dimerize while bound to DNA or via its role as a chromosome structural/scaffold protein Gasser et al. 1986 ; more recently Maeshima and Laemmli 2003; Maeshima et al. 2005) ; for instance, it may act in conjunction with Su(Hw) (Fritsch et al. 2006) , whose DNA binding site contains the in vitro recognition sequence for topoisomerase II (Nabirochkin et al. 1998) . Interestingly, if homolog pairing is required for the proper arrangement and segregation of chromosomes during mitosis, such unpairing could have contributed to the aneuploidy we observed in the presence of Top2 may also influence pairing via its capacity to decatenate chromosomes; just as the decatenation activity of Top2 is required for the separation of sister chromatids, so may it be required prior to or during mitosis for the separation of paired homologs, should such pairing involve catenation. In this case, loss of Top2 would lead to the cosegregation of catenated homologs, whose entanglement may then inhibit homolog pairing, and perhaps even sister chromatid cohesion, in the daughter nuclei.
Finally, it is worth considering the role of topoisomerase II activity in transcription ( Ju et al. 2006) , where it appears to generate transient DSBs during gene activation. Top2 may therefore affect pairing via its impact on chromatin structure during the transcriptional process. This interpretation is reminiscent of the implication of transcription, and the regulation thereof, in pairing (reviewed by Mckee 2004 ) and the association of Top2 with PcG target sequences and Polyhomeotic (Lupo et al. 2001) , both of which participate in pairing-sensitive gene regulatory phenomena (reviewed by Pirrotta 1999; Kassis 2002; Kavi et al. 2006) .
Our findings are consistent with proposals suggesting that topoisomerase II may contribute to pairing during meiosis (Cobb et al. 1997; Vazquez et al. 2002; Iwabata et al. 2005) . In this regard, it is of interest that Spo11, which is homologous to a type II DNA topoisomerase, promotes meiotic pairing through the generation of Curiously, absence of Spo11, as well as other genetic backgrounds, can lead to the meiotic pairing of nonhomologous chromosomes (Mcclintock 1933; reviewed by Mckee 2004; Gerton and Hawley 2005; Pawlowski and Cande 2005; Colaiacovo 2006; Osman et al. 2006; Zickler 2006 ; also see Tsubouchi and Roeder 2005) , which was proposed by Mcclintock (1933) to be competitive with homologous pairing. Hence, loss of somatic pairing brought about by disrupting Top2 activity may be accompanied, maintained, or even driven by nonhomologous pairing. The concept that homologous and nonhomologous pairing are mutually exclusive suggests that interplay between them may provide a general mechanism for modulating nuclear organization and gene expression. Indeed, interactions between nonhomologous chromosomal regions may be as potent as those between homologous regions and, as may be the case with homologous pairing, have the capacity to persist through and be regulated by mitosis. Such nonhomologous interactions range from those ensuing from the clustering of PREs (Grimaud et al. 2006 ) and insulators scattered throughout the genome (reviewed by Kuhn and Geyer 2003; Capelson and Corces 2004; Brasset and Vaury 2005; Gaszner and Felsenfeld 2006; Valenzuela and Kamakaka 2006) to those occurring in transcription factories (reviewed by Dillon 2006; Faro-Trindade and Cook 2006; Fraser 2006) . Excitingly, they also include gene-specific interactions, such as those that occur in mammals between enhancers and distant promoters during olfactory receptor choice (Lomvardas et al. 2006) , between the interferon-g and T H 2 cytokine loci during T-cell development (Spilianakis et al. 2005) , and between the insulin-like growth factor 2/ H19 imprinting control region and the chromosomal segment containing the Wsb1 and Nf1 loci in a manner that appears to require the CCCTC binding factor CTCF (Ling et al. 2006) .
In closing, we note that while our studies have sought conditions that reduce somatic pairing in Drosophila cell culture, it will also be informative to seek situations in which pairing can be enhanced or induced. In particular, might the capacity to pair be an inherent property of chromosomes that is, however, precluded or suppressed in most organisms? Extending a suggestion by McClintock in 1933 of a ''powerful force'' that promotes pairing in meiosis (Mcclintock 1933) , it may be that the paired state of chromosomes or chromosomal regions, be it homologous or not, is energetically, kinetically, or structurally favored (also see Lee et al. 2004 ) and must, therefore, be actively controlled. That somatic pairing may be a widespread potential of chromosomes is consistent with the abundance of homology-and pairing-dependent regulatory mechanisms as well as reports of nonhomologous interactions, while a necessity to suppress pairing is conceivable in situations where continual interallelic communication would be detrimental, such as may be the case when alleles are differentially regulated.
